^Abstract: A method to reduce the bruise susceptibility of apples by controlling the moisture loss of the fruit was evaluated. Previous research indicates that reduction of the relative humidity of the storage air leads to an ^immediate effect on the weight loss and on skin properties and to a lower bruise susceptibility of apples. The diffusion equation is used to determine the waterpotential profile inside the fruit during storage. Characteristics of the waterpotential distribution in the fruit are related to measured bruise volumes. The results indicate how /this model can be used to control bruise susceptibility.
INTRODUCTION
Literature and practice indicate that a certain amount of moisture loss is required to reduce the bruise susceptibility of fruits during handling. However the weight loss during storage should be kept as low as : possible to avoid shriveling of the fruit and to avoid loss of product weight.
"Mechanical damage of fruits is mainly caused by .impact forces during harvest, handling and transport 7 (Garcia, et al., 1988) , so the sensitivity of apples to .damage by impact is emphasized in this work. Different factors which could influence the bruise 1 ^susceptibility of apples are described by Johnson and " Dover (1990) . These factors are the rate of ripening, . the mineral content, the harvest date and ripeness ~t ; stage, the mechanical properties of the flesh and of the skin.
Bruise volumes appeared to be negatively correlated with the percentage of weight loss during storage (Johnson and Dover, 1990 ). This phenomenon is also described by other researchers (Garcia, et al., 1994; Horsfield, et a/., 1972) , who state that the turgidity of the surface tissue (internal cellular stress) of fruits is affected by the relative humidity of the surrounding air.
The weight loss of fruits during storage mainly consists of the transpiration of water. The rate of transpiration is determined by the humidity and temperature of the air, the air circulation, stacking of the boxes and the ripeness stage of the fruit. This was also found in the (unpublished) experimental results obtained in 1994 in the framework of the EC-CAMAR project. McCarthy and Perez (1991) described the process of water loss of a drying apple slab with the diffusion equation of Fick and derived a diffusion coefficient for the flesh. Since the driving force for water transport is a difference in waterpotential, the distribution of waterpotential in the fruit will be simulated with the diffusion model in this work.
It is clear that an interaction exists between storage conditions, weight loss, ripeness stage, mechanical properties and bruise susceptibility. Reduction of the bruise susceptibility by controlled dehydration seems to be a promising application (Horsfield, et al., 1972; Johnson and Dover, 1990) , but the models required for prediction are not yet available. In this report an approach for this problem is proposed.
Simulations of the waterpotential distribution inside the fruit during storage under different conditions are related to bruise volumes.
MATERIALS AND METHODS

J. Experimental setup
Apples. A batch of 130 freshly harvested Delbare Estival apples was kept in storage for up to 12 days. The batch consisted of apples of 2 different harvest dates (10/08/94 and 17/08/94). A similar experiment was conducted with 110 Golden Delicious apples.
Storage conditions. One group of Delbare Estival apples was kept at 2°C and 50 % RH and another group in perforated plastic bags to obtain ± 95 % RH. One batch of Golden Delicious apples was kept at 20°C and 40 % RH, while the other batch was kept at ± 95 % RH in perforated plastic bags. After different storage periods, 10 apples of each group were removed from storage in both experiments and the weight loss, mechanical properties of flesh and skin and bruise susceptibility were determined Mechanical properties of flesh and skin. The firmness of the fruit flesh (FF) was determined with a handhold penetrometer. The skin property measured was a modulus of elasticity determined from the maximum force/maximum deformation (SF/D) recorded at perforation of the skin with a 0.48 mm diameter pin.
Bruise volume measurements. A 52.1 g mass was dropped on the fruit from a constant height of 8 cm. The contact radius of the spherical head of the mass was 2 cm. After a couple of hours (2 to 4) the bruise depth 6 and diameter D were measured and the bruise volume BV was calculated (Chen and Sun, 1981) :
Simulation of the water distribution
The driving force for water transport is not the) difference in water concentration, but it is basicallyl the difference between the waterpotential inside thel apple and the waterpotential of the surrounding air. Compared with the heat transport : the diffusion of J heat is caused by a difference in temperature (Luikov,; 1966) . The diffusion of water is caused by al difference in waterpotential and the water will flow*# from a higher to a lower potential (cf. electric ?1 §* current). This phenomena can be described with af § diffusion equation, expressed in terms of^ waterpotentials (Luikov, 1966) :
with y w : waterpotential in apple Dp : diffusion coefficient of waterpotential
The diffusion equation, used to describe the water transport in the fruit, is a partial differential equation. This is not easily solved for complex geometries. A numerical method like the finite element method can be used for this purpose. It is applied in this work with the software package ANSYS (Swanson Analysis Systems, Inc.). Solutions are obtained at discrete values of time and position in the object. A model of the object is entered by a series of interconnected elements and nodes. The geometry used in this work was a slice (1.5 cm thickness) taken from the equator part of the apple ( fig. 7 ). This was done to reduce the number of nodes. The presence of a very thin (0.2 mm) but highly impermeable skin causes very high gradients near the apple surface. According to the objectives of this work, the highest interest is in the gradients near the surface. So a very fine mesh was required near the surface. (Van Woensel, 1980) . The initial condition is a uniformly distributed waterpotential in the fruit (-1.3 MPa, Van Woensel, 1980) . The boundary condition is convective transport out of the object.
The waterpotential of the air depends on the temperature and relative humidity and can be calculated from :
The convection coefficient is calculated from dimensionless parameters correlated with experimental data for flow over a single sphere (Bejan, 1993 forReSc>0.
(4-7)
After simulating different storage periods under the imposed boundary conditions, the waterpotential distribution inside the fruit is obtained. Different characteristics of this profile are related to the measured bruise volumes.
The influence of the presence of the -very impermeable-apple skin on the profile of the waterpotential was investigated. This was done by giving the skin the same diffusivity as the flesh, thereby neglecting the presence of a skin.
The flesh and skin diffusivity were decreased with 25 %, which may occur in practice for apples of an earlier harvest date (smaller cells with thicker walls, more cell to cell contact due to less intercellular air spaces), in order to see the effect on the distribution of the waterpotential in the fruit.
RESULTS
Experimental results
Delbare Estival apples. The experimental results are shown in fig. 1 and 2, and tables 1 and 2. The data and the analysis of variance show that weight loss is instantaneously influenced by the relative humidity of the storage air (table 1 and 2). The bruise volumes for both harvest dates are higher after storage at 95 % RH than at 50 % RH, but the difference is not significant in the experimental data. There is a trend for a decreasing bruise volume after longer storage. This trend is significant at 50 % RH, but not significant at 95 %. The bruise volume was significantly higher for the later harvest date than for earlier harvest date. Flesh firmness was not affected by storage at different relative humidities for both harvest dates. The modulus of elasticity of the skin showed a more significant decrease at the lower humidity of the storage air. This is so for both harvest dates.
Golden Delicious apples.
The experimental results are shown in fig. 3 and table 3. The same conclusions as for Delbare Estival apples can be made. Storage at different relative humidities had a significant effect on weight loss, modulus of elasticity of the skin and also bruise volume. No significant effect on the flesh firmness was observed.
The correlation analysis on the whole dataset indicates no significant correlation between bruise volume and flesh firmness, but bruise volume is significantly and strongly correlated with skin modulus of elasticity, weight loss (negative correlation) and mostly with the ratio skin modulus of elasticity/flesh firmness. A faster decrease in the modulus of elasticity of the skin compared to the decrease in flesh firmness (through storage in a dryer atmosphere) results in a faster decrease of the bruise volume. Apples of a later harvest date with a lower flesh firmness show higher bruise volumes. This confirms the results of Johnson and Dover (1990) .
Simulation results
It was observed that in almost all cases the waterpotential gradient occurred within the apple skin ( fig. 8) . From fig. 4 and fig. 5 (for storage conditions in the Golden Delicious experiment) it can be seen that during the first few days a gradient is formed across the skin. During further storage the internal waterpotential will gradually (but very slowly) decrease. The same observations could be made for the conditions of the experiment with Delbare Estival apples.
The following parameters were extracted from the waterpotential profile: -the waterpotential at the fruit surface (v|/,) -the waterpotential in the center of the skin (vjv) -the waterpotential just beneath the skin (vj/t,) -the waterpotential in the center of the fruit (vj/ c ) -the sum of the waterpotential values of all elements (sumty)) -the sum of the waterpotential gradients of all elements (sum(Avy)) From fig. 6 it is clear that the waterpotential just beneath the skin decreases fastest for the lower relative humidity. This decrease in waterpotential may be due to a lower turgor pressure in the superficial cell layers. This may also be the explanation for the observed faster decrease in bruise volume at the lower relative humidity of the storage air.In table 4 the correlations between these profile parameters and the experimentally determined bruise volumes are given. It should be mentioned that all the simulations were performed with the same values of skin and flesh diffusivity and for an initial homogeneous waterpotential. These results were compared with bruise volumes in apples of different variety and ripeness. One could expect different values of diffusivities for these fruits. Knowledge about the evolution of these values during ripening and the relationship with other measures of texture is necessary for further use of this model.
Neglecting the presence of a skin in a simulation, resulted in waterpotential profiles like fig. 9 , where the gradient is spread out over a large part of the fruit flesh. It is clear that the skin is the limiting factor in the diffusion of water and that it is therefor essential to have a good idea of the evolution of the skin thickness and diflusivity during ripening.
The change in waterpotential values after decreasing the flesh and skin diffusivities with 25 % was higher for the more internal parts in the fruit and for the longer storage periods. The correlation coefficients were therefor best for these parameters (table 5) . For the other parameters the correlation coefficients did not change compared to these obtained with the original data.
CONCLUSIONS
The measurement results on bruise volumes and storage conditions yield the following conclusions :
-Storage at different relative humidities of the storage air instantaneously resulted in significantly different weight losses and gradually in significantly different bruise volumes and elastic properties of the skin. Flesh firmness was not affected by the difference in relative humidity for the storage periods studied.
-Bruise susceptibility seemed to decrease during storage. An explanation for this behavior could be the decrease in modulus of elasticity of skin and flesh during ripening and also the cell wall degradation. This decrease in bruise susceptibility occurs faster at a lower relative humidity, probably caused by the faster decrease in modulus of elasticity of the skin. A lower relative humidity causes an increased water transpiration, which results in a lower turgidity of the superficial cell layers of the fruit and probably also in a lower modulus of elasticity of the skin. -Bruise susceptibility was higher for the later harvest date, which can be explained by the larger cells and thinner cell walls which occur in apples of a later harvest date (Johnson and Dover, 1990) .
It is possible to simulate the waterpotent distribution inside a fruit during storage under kncn conditions of temperature and relative humidity w a diffusion model. Parameters related to the char; in waterpotential near the skin (waterpotential at t surface of, in or just beneath the skin) or paramet< related to a global change in the waterpoteni distribution (sum of waterpotential values gradients of all elements) seem to be best correla with the experimentally measured bruise volumes, is however necessary to have a good estimate of value of flesh and skin diffusivities, of the si thickness, and how these are influenced by i ripeness stage. These parameters have a signific; influence on the waterpotential profile. Especis the skin characteristics seem to be important, as v also observed in the experiments.
This research indicates the possibility to model waterpotential distribution ita fruit in order to givi prediction of the optimal storage conditions to red' the bruise susceptibility. Information is required the values of the skin and flesh diffusivities and si thickness and how they are influenced by the ripen stage, variety etc.
The next steps of the research will include : -sensitivity analysis of the diffusion model determine which parameters should be measured ? with which accuracy.
-relationship between waterpotential and w? concentration so that water concentration profiles c be obtained from the simulated waterpotential prof and the weight loss can be calculated. -experimental measurements of the requi parameters and their change with ripeness stage. -a control strategy to minimize bruise susceptibilit LIST OF SYMBOLS 
